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• ATLAS heavy-flavor hadron program primarily relies 
on single muon and dimuon triggers 

• Lowest hardware-level trigger pT threshold: 4 GeV

ATLAS detector
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  AnalysisB+
c → J/ψ D(*)+

s

•  is a unique system with two heavy quarks: powerful probe to 
test different QCD calculation approaches for pp collisions


•  and decays observed by LHCb 
(PRD 87 (2013) 112012), and confirmed by ATLAS (EPJC 76 
(2016) 4)


• The decay has contributions from:


• Repeat with full LHC Run2 data of 140 fb-1 (JHEP 08 (2022) 087)
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Figure 48: Quark diagrams for ⌫+
2
! �/k⇡

(⇤)+

B
decays: (a) colour-favoured, (b) colour-suppressed 1 ! 2 tree and

(c) annihilation topology.

As the ⌫+
2
! �/k⇡

⇤+
B

decay is a transition of a pseudoscalar to two vector states, its decay products are
polarised. The decay can be described in terms of three helicity amplitudes, �00, �++, and ��� , where the
indices denote the helicities of the �/k and ⇡⇤+

B
mesons. The �00 amplitude corresponds to longitudinal

polarisation and the other two refer to the transverse polarisations. Although the soft photon from the
⇡

⇤+
B

! ⇡
+
B
W decay is not reconstructed in the analysis, the invariant mass of the reconstructed ⌫+

2
decay

products and angular shapes allow the fraction of transverse polarisation �±±/� to be measured.

Figure 49 shows the comparison of the Run 2 measurement results with those of Run 1 ATLAS and LHCb
measurements together with the results of various model calculations. The new measurement achieves the
best precision to date. Overall the best description of all the ratios of branching fraction is given by the
predictions of a QCD relativistic potential model [283]. Several other predictions tend to underestimate the
'
⇡

+
B/c

+ ratio, while still describing the '
⇡

⇤+
B /c+ well. The measured value of �±±/� clearly agrees with a

naive spin-counting expectation of 2/3, being larger than the values predicted by the dedicated calculations,
which are below 0.5.

Another interesting comparison can be made between the measured ratios of branching fractions and the
transverse polarisation fraction for ⌫+

2
decays to those for lighter ⌫ mesons that occur predominantly via

either colour-favoured or colour-suppressed tree diagrams. Colour-favoured decays of ⌫+, ⌫0, and ⌫0
B

can
be obtained by replacing the �/k in the ⌫+

2
decay final state with ⇡̄⇤0, ⇡⇤� , or ⇡⇤�

B
, while colour-suppressed

modes are obtained by replacing the ⇡ (⇤)+

B
with  (⇤)+,  (⇤)0, or q.

These comparisons are presented in Figure 50. The '
⇡

⇤+
B /⇡+

B
value agrees with the corresponding ratio

calculated for both the ⌫0 and ⌫+ decays into ⇡ mesons and is larger than that obtained for their decays into
�/k and kaons. The measured value of �±±/� lies between the transverse polarisation fraction values in
the ⌫0

! ⇡
⇤�
⇡

⇤
B

and ⌫0
B
! ⇡

⇤�
B
⇡

⇤
B

decays and is larger than those in the considered ⌫ decays occurring
via the colour-suppressed tree diagram. These results support the assumption that the colour-favoured tree
diagram dominates the ⌫+

2
! �/k⇡

(⇤)+

B
decay amplitudes.

14.2 Charmonium production measurements

Despite a long history of studying heavy quarkonium production in hadronic collisions, these processes still
present a significant challenge to both theory and experiment. Two mechanisms play a role in production
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  branching fractionsB+
c → J/ψ D(*)+

s

5

JHEP 08 (2022) 087

Branching fraction ratios: 
• Improved precision compared to Run1 results 
• QCD relativistic potential model (PM) describes the 

data best

Transverse polarization fraction: 
• Data consist with naive spin-counting of 2/3 
• Model predictions are below 0.5
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Figure 49 shows the comparison of the Run 2 measurement results with those of Run 1 ATLAS and LHCb
measurements together with the results of various model calculations. The new measurement achieves the
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14.2 Charmonium production measurements

Despite a long history of studying heavy quarkonium production in hadronic collisions, these processes still
present a significant challenge to both theory and experiment. Two mechanisms play a role in production
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Charmonium production in pp

7

EPJC 84 (2024) 169

• Quarkonium production in hadronic collisions is still puzzling even 50 
years after its discovery: yield vs. polarization 

• Measured charmonia at LHC:  

• Prompt charmonia from direct QCD processes including feed-down 

• Non-prompt charmonia from decays of b-hadrons 

• Same methodology used before in 5.02, 7, 8 TeV pp collision data
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Prompt charmonium production
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• New results using 13 TeV Run2 data： 
• 2.6 fb-1 for 8 < pT < 60 GeV, dimuon trigger 
• 140 fb-1 for pT ≥ 60 GeV, single muon trigger 

• pT range: widest kinematic reach to date  
• 8 < pT < 360 GeV for J/𝝍  

• 8 < pT < 140 GeV for 𝝍 (2S)

EPJC 84 (2024) 169

Hardware area-based 
online muon finding

https://link.springer.com/article/10.1140/epjc/s10052-024-12439-9
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Prompt charmonium data vs. models
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‣ NLO NRQCD

‣ NRQCD kT-factorization

‣ Improved CEM

Data vs. Models: Theory / Data ratio

• Models tend to underestimate the production  at 
low pT production and overestimate the production 
at high pT

EPJC 84 (2024) 169
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Non-prompt charmonium production
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‣ General-mass-variable-flavor-number: GM-VFNS

‣ NRQCD kT-factorization

• Models can describe low pT data, but overestimate 
the production at high pT 
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Data vs. Models: Theory / Data ratio
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Heavy-flavor in heavy ion collisions
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PLB 829 (2022) 137077

• Charm and bottom quarks are produced early in 
Pb+Pb collisions, and are sensitive probe to 
quark-gluon plasma (QGP) induced interactions 

• Both HF spectra and angular distributions are 
strongly modified in heavy ion collision 

• HF interacts with QGP strongly and loses energy

QGP-induced 
spectrum modification

QGP-induced 
angular modification

PLB 807 (2020) 135595

QGP created in 
Pb+Pb collisions

HF quark

RAA =
per-NN yields in A-A

yields in pp

HF quark

dN
dϕ

∝ 1 + 2v2 cos(ϕ − Ψ2)

https://doi.org/10.1016/j.physletb.2022.137077
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2019-11/
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Heavy-flavor energy loss in QGP
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• Energy loss: collisional Eloss vs. radiative Eloss 

• At fixed Eloss, pure collisional interaction leads to a broader  
correlation between  and  

• One of the easiest ways to probe the  correlation is to 
measure  between muons from HF decays

Δϕ
cc̄ bb̄

Δϕ
Δϕ(μ, μ)
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FIG. 8: (Color online) Azimuthal correlations of initially correlated QQ̄ pairs at the transition temperature. In the left column
the azimuthal distributions of cc̄ pairs are shown, in the right column those of bb̄ pairs at midrapidity. The centralities are
0 − 20 % (upper row), 20 − 40 % (middle row) and 40 − 60 % (lower row). In each plot we compare the purely collisional
(orange/light) to the collisional plus radiative (black/dark) interaction mechanism for different classes of final pT . See text for
more details.

nism is ≃ 1.5. This is a direct consequence of the fact
that the average p2⊥ per unit time is larger for the purely
collisional interaction mechanism as discussed in section
III.

In an experimental situation it might not always be
possible to identify a heavy quark and antiquark as hav-
ing been initially produced in a pair. In particular, there
are many cc̄ pairs produced in one event. This inabil-

PRC 90 (2014) 024907

Pure collisional

Collisional + radiative
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Heavy-flavor muon pairs in Pb+Pb
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• HF muon pair correlation measured in 
2015 and 2018 Pb+Pb data 

• Back-to-back correlation width, 
Cauchy-Lorentz 𝚪 or std deviation 𝝈, 
are extracted 

• Separately for same-sign 
( ) and opposite-sign 
( ) muon pairs
bb̄ → μ±μ±

cc̄/bb̄ → μ±μ∓

PRL 132 (2024) 202301

pedestal. That pedestal is significantly enhanced in Pb+Pb collisions due to the geometric enhancement
of hard-scattering processes that can yield multiple uncorrelated 22̄ or 11̄ pairs in the same collision.
Moreover, in Pb+Pb collisions, this combinatoric contribution is modified by the collective expansion of the
QGP [19, 35] with the result that the combinatoric background exhibits an elliptic (cos 2�q) modulation
that is evident in Figure 1.

To characterize the shape of the peak near �q = c, the data are fit with the functional form

⇠
Fit
(�q) = ⇠comb

h
1 + 2Eeff

2,2 cos (2�q)
i
+ ⇠corr(�q), (1)

with

⇠corr(�q) =
⇠

max
corr �

2

(�q � c)2 + �2 . (2)

Here, ⇠comb represents the combinatoric contribution to ⇠ (�q), Eeff
2,2 represents the Fourier coefficient

for the elliptic modulation [67] of the combinatoric contribution, and ⇠corr represents the correlated
contribution, which is centered at �q = c, and is parameterized using a Cauchy-Lorentz distribution
specified in Eq. (2). ⇠max

corr represents the maximum value of ⇠corr and � the half-width at half-maximum of
the Cauchy-Lorentz distribution. Here, ⇠comb, Eeff

2,2, ⇠max
corr , and �, are fit parameters. ⇠corr(�q) is folded at

�q = �c/2 and 3c/2 to make it periodic in �q. Due to the long tails of the Cauchy-Lorentz distribution
and the folding, there is a “pedestal” to ⇠corr, separate from the ⇠comb term in Eq. (1), that nonetheless
represents correlated production of muon pairs. The integrals of ⇠corr for the opposite-sign pairs are found
to be approximately twice of that for the same-sign pairs, similar to expectations from P�����8.

Results of fits of Eq. (1) to the measured correlation functions are shown in Figure 1. The peaks at �q ⇠ c

are well-reproduced by the assumed form for ⇠corr. In contrast, a Gaussian form for ⇠corr completely fails to
describe the shape of the away-side correlation. The modulation of the combinatoric contribution in the data
is well-described by the assumed cos (2�q) dependence. In the Pb+Pb data, the E

eff
2,2 values are O(0.01)

and are consistent between same-sign and opposite-sign pairs. This is consistent with the hypothesis that
the modulation predominantly arises from an elliptic flow of muons produced in uncorrelated HF decays.
While previous measurements [68] have demonstrated elliptic modulation of HF yields in ?? collisions, the
E

eff
2,2 value in ?? collisions, measured in this analysis, changes slightly if the |�[` | requirement is increased

from 0.8 indicating a residual near-side correlation that also contributes to the E
eff
2,2. The change in the �

values when the ?? data are fit constraining E
eff
2,2 to zero, are included in the systematic uncertainties.

The standard deviation of ⇠corr obtained from the fits, around �q = c is evaluated as:

f ⌘

sπ
(�q � c)

2
(⇠corr(�q) � ⇠corr(0)) d�q, (3)

where the integral is performed over the interval [0, 2c]. When evaluating f, the pedestal of ⇠corr(�q)
i.e., ⇠corr(0), is subtracted out. Statistical uncertainties on the extracted � and f values are evaluated using
re-samplings of the measured correlation functions assuming Gaussian-distributed statistical uncertainties
for each point. Each of the re-sampled correlations functions is fit to Eq. (1) and the standard deviation of
the resulting � and f distributions are taken as the statistical uncertainties.

Systematic uncertainties on the � or f may arise from the muon selection, the trigger and reconstruction
efficiency corrections, corrections for the mass selection on opposite-sign pairs, parameterization of the
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To account for the loss of muon pairs due to reconstruction and trigger inefficiencies, each pair is assigned
a weight which is the inverse of the product of the reconstruction and trigger efficiencies for the pair, as
discussed in Ref. [62]. The average weight for pairs is ⇠ 2.3 (⇠ 2.4) in the ?? (Pb+Pb) data set. A separate
acceptance correction is applied to opposite-sign pairs to account for the losses resulting from the dimuon
mass requirements to reject ⌥ and /-bosons, and the requirements applied to suppress WW ! `

+
`
� events.

These are obtained by applying the mass and WW requirements to the same-sign pairs and evaluating the
�q-dependent fraction of pairs that survive. That fraction is taken to be the acceptance for opposite-sign
pairs, �opp

(�q), and is used to correct the measured distribution for the opposite-sign pairs. To check
the sensitivity of the acceptance to possible differences in the single-muon and pair kinematics between
same-sign and opposite-sign pairs, separate estimates of the pair acceptance are obtained using mixed-events.
In the mixed-event estimate, opposite-sign muon pairs are made using muons reconstructed in separate
events, and �

opp
(�q) is estimated by evaluating what fraction of pairs satisfy the mass and WW requirements.

The events used to make the mixed-event distributions are selected using a trigger that required a single
muon with ?T > 4 GeV at both L1 and the HLT. Differences between the two estimates of �opp

(�q) affect
the final observables by less than 0.5%, and are included as systematic uncertainties. Contributions to the
�q distributions from DY processes are evaluated using a P�����+P�����8 [48–51] MC setup, further
described in Ref. [62]. The estimated DY contribution is then subtracted from the measured distributions.

The measurements of muon angular correlations are presented in the form of two-muon correlation
functions: ⇠ (�q) ⌘ 1

#tot
�#
�q , where �# represents the number of efficiency-corrected muon pairs in a

given �q interval and #tot represents the �q-integrated total number of muon pairs. The correlation
functions are constructed using 32 equal �q intervals spanning the range [�c/2, 3c/2]. Figure 1 shows
results obtained for the Pb+Pb 0–10% centrality interval (top), as an example, and for the ?? data set
(bottom). The correlation functions are symmetrized about �q = 0, with proper accounting of the statistical
uncertainties. All the correlation functions show a clear enhancement near �q = c superimposed on a
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Figure 1: Measured two-muon correlation functions, ⇠ (�q). Top row: results for Pb+Pb data in the 0–10% centrality
interval; Bottom row: ?? results. Left column: same-sign pairs, Middle column: opposite-sign pairs, Right column:
all pairs. Also shown are the results of fits of the correlation functions to Eq. (1), along with different components of
the fits.
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To account for the loss of muon pairs due to reconstruction and trigger inefficiencies, each pair is assigned
a weight which is the inverse of the product of the reconstruction and trigger efficiencies for the pair, as
discussed in Ref. [62]. The average weight for pairs is ⇠ 2.3 (⇠ 2.4) in the ?? (Pb+Pb) data set. A separate
acceptance correction is applied to opposite-sign pairs to account for the losses resulting from the dimuon
mass requirements to reject ⌥ and /-bosons, and the requirements applied to suppress WW ! `

+
`
� events.

These are obtained by applying the mass and WW requirements to the same-sign pairs and evaluating the
�q-dependent fraction of pairs that survive. That fraction is taken to be the acceptance for opposite-sign
pairs, �opp

(�q), and is used to correct the measured distribution for the opposite-sign pairs. To check
the sensitivity of the acceptance to possible differences in the single-muon and pair kinematics between
same-sign and opposite-sign pairs, separate estimates of the pair acceptance are obtained using mixed-events.
In the mixed-event estimate, opposite-sign muon pairs are made using muons reconstructed in separate
events, and �

opp
(�q) is estimated by evaluating what fraction of pairs satisfy the mass and WW requirements.

The events used to make the mixed-event distributions are selected using a trigger that required a single
muon with ?T > 4 GeV at both L1 and the HLT. Differences between the two estimates of �opp

(�q) affect
the final observables by less than 0.5%, and are included as systematic uncertainties. Contributions to the
�q distributions from DY processes are evaluated using a P�����+P�����8 [48–51] MC setup, further
described in Ref. [62]. The estimated DY contribution is then subtracted from the measured distributions.

The measurements of muon angular correlations are presented in the form of two-muon correlation
functions: ⇠ (�q) ⌘ 1

#tot
�#
�q , where �# represents the number of efficiency-corrected muon pairs in a

given �q interval and #tot represents the �q-integrated total number of muon pairs. The correlation
functions are constructed using 32 equal �q intervals spanning the range [�c/2, 3c/2]. Figure 1 shows
results obtained for the Pb+Pb 0–10% centrality interval (top), as an example, and for the ?? data set
(bottom). The correlation functions are symmetrized about �q = 0, with proper accounting of the statistical
uncertainties. All the correlation functions show a clear enhancement near �q = c superimposed on a
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These are obtained by applying the mass and WW requirements to the same-sign pairs and evaluating the
�q-dependent fraction of pairs that survive. That fraction is taken to be the acceptance for opposite-sign
pairs, �opp

(�q), and is used to correct the measured distribution for the opposite-sign pairs. To check
the sensitivity of the acceptance to possible differences in the single-muon and pair kinematics between
same-sign and opposite-sign pairs, separate estimates of the pair acceptance are obtained using mixed-events.
In the mixed-event estimate, opposite-sign muon pairs are made using muons reconstructed in separate
events, and �
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(�q) is estimated by evaluating what fraction of pairs satisfy the mass and WW requirements.

The events used to make the mixed-event distributions are selected using a trigger that required a single
muon with ?T > 4 GeV at both L1 and the HLT. Differences between the two estimates of �opp

(�q) affect
the final observables by less than 0.5%, and are included as systematic uncertainties. Contributions to the
�q distributions from DY processes are evaluated using a P�����+P�����8 [48–51] MC setup, further
described in Ref. [62]. The estimated DY contribution is then subtracted from the measured distributions.
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results obtained for the Pb+Pb 0–10% centrality interval (top), as an example, and for the ?? data set
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acceptance correction is applied to opposite-sign pairs to account for the losses resulting from the dimuon
mass requirements to reject ⌥ and /-bosons, and the requirements applied to suppress WW ! `
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These are obtained by applying the mass and WW requirements to the same-sign pairs and evaluating the
�q-dependent fraction of pairs that survive. That fraction is taken to be the acceptance for opposite-sign
pairs, �opp

(�q), and is used to correct the measured distribution for the opposite-sign pairs. To check
the sensitivity of the acceptance to possible differences in the single-muon and pair kinematics between
same-sign and opposite-sign pairs, separate estimates of the pair acceptance are obtained using mixed-events.
In the mixed-event estimate, opposite-sign muon pairs are made using muons reconstructed in separate
events, and �

opp
(�q) is estimated by evaluating what fraction of pairs satisfy the mass and WW requirements.

The events used to make the mixed-event distributions are selected using a trigger that required a single
muon with ?T > 4 GeV at both L1 and the HLT. Differences between the two estimates of �opp

(�q) affect
the final observables by less than 0.5%, and are included as systematic uncertainties. Contributions to the
�q distributions from DY processes are evaluated using a P�����+P�����8 [48–51] MC setup, further
described in Ref. [62]. The estimated DY contribution is then subtracted from the measured distributions.

The measurements of muon angular correlations are presented in the form of two-muon correlation
functions: ⇠ (�q) ⌘ 1

#tot
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�q , where �# represents the number of efficiency-corrected muon pairs in a

given �q interval and #tot represents the �q-integrated total number of muon pairs. The correlation
functions are constructed using 32 equal �q intervals spanning the range [�c/2, 3c/2]. Figure 1 shows
results obtained for the Pb+Pb 0–10% centrality interval (top), as an example, and for the ?? data set
(bottom). The correlation functions are symmetrized about �q = 0, with proper accounting of the statistical
uncertainties. All the correlation functions show a clear enhancement near �q = c superimposed on a
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�q-dependent fraction of pairs that survive. That fraction is taken to be the acceptance for opposite-sign
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(�q), and is used to correct the measured distribution for the opposite-sign pairs. To check
the sensitivity of the acceptance to possible differences in the single-muon and pair kinematics between
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(�q) affect
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Figure 1: Measured two-muon correlation functions, ⇠ (�q). Top row: results for Pb+Pb data in the 0–10% centrality
interval; Bottom row: ?? results. Left column: same-sign pairs, Middle column: opposite-sign pairs, Right column:
all pairs. Also shown are the results of fits of the correlation functions to Eq. (1), along with different components of
the fits.
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HF pair azimuthal correlation — width
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Figure 2: Top panels: The measured widths, f, of the away-side peak in the two-particle correlation functions in
Pb+Pb collisions versus centrality. Also shown are the values of the � parameter in Eq. (1). The f and � measured
in ?? collisions are also shown. The vertical lines and shaded bands on the data points represent the statistical
uncertainties, and systematic uncertainties, respectively. The horizontal lines indicate the nominal ?? values plotted
across the full centrality range. Bottom panels: The difference between the squared-widths of the Pb+Pb and ??

measurements. Also shown are the upper limit on f
2
int and fint at the 90% CL. As the 90% CL on f

2
int is negative for

the 0–10% centrality interval, the corresponding 90% CL on fint cannot be evaluated, and is not shown. The left,
middle, and right panels correspond to same-sign pairs, opposite-sign pairs, and all-pairs.

heavy-quarks produced in ?? and Pb+Pb collisions at the LHC using semileptonic decays of the HF hadrons
to muons. Muons with ?

`

T > 4 GeV and |[
`
| < 2.4 were used in the analysis. Two-muon correlation

functions were constructed from same-sign and opposite-sign pairs, with ?T>5 GeV, and studied as a
function of azimuthal angle difference, �q, for |�[ | > 0.8. A strong enhancement is observed in the
correlation functions at �q ⇠ c, consistent with the production of the muon pairs from semileptonic
decays of heavy-quark pairs – primarily 11̄ pairs – created in hard-scattering processes. The widths of
the peaks at �q ⇠ c, characterized by the half-width at half-maximum (�) and the standard deviation, f,
show no significant difference between ?? collisions and Pb+Pb collisions and no significant variation
with centrality except in the 0–10% most central collisions, where a significant decrease in the Pb+Pb
widths is observed. The results are consistent between same-sign pairs, which have negligible charm
contribution, and opposite-sign pairs for which bottom pairs contribute ⇠90% of the yield in ?? collisions.
Limits, at the 90% confidence level, are placed on the standard deviation of additional angular deflection
introduced by the QGP. For the all-pairs sample, the data limit the standard deviation of the additional
pair broadening (fint) to . 0.2, except in the 0–10% interval for which the measured narrowing of the
distribution is significant at the ⇠ 2f level. These results provide a model-independent constraint on the
stochastic deflection of bottom quarks in the QGP.
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Same-sign muon pair  
( )bb̄ → μ±μ±

Opposite-sign muon pair  
cc̄/bb̄ → μ±μ∓

• 0-10% most central collision is found to 
have narrower correlations 

• Narrower  correlation width → larger 
radiative contribution in energy loss

Δϕ

Central Pb+Pb 
collisions 

Peripheral Pb+Pb 
collisions 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.202301
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Summary

• Some of the most recent results in heavy flavor physics by ATLAS was presented  

• Provide inputs and constraints to various QCD calculations in flavor physics and 
QGP physics 

• New measurements using the full Run1 + Run2 statistics and Run3 data ongoing: 
stay tuned!
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All B physics results from ATLAS: 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BPhysPublicResults 

All Heavy Ion physics results from ATLAS: 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults  
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